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Photoinduced polarons in polymers. Time-resolved ESR analysis of polaron pairs in
polymer:fullerene blends.
A. I. Shushin
Institute of Chemical Physics, Russian Academy of Sciences,
119991, GSP-1, Kosygin St. 4, Moscow, Russia
The work concerns the analysis of experimental time-resolved ESR spectra in photoexcited poly-
mer:fullerene blend, consisting of poly(3-hexilthiophene) and fullerene [6,6]-phenyl C61-butyric acid
methyl ester (at low temperature T = 100K). The spectra are assumed to be determined by spin-
coherent pairs of charged polarons (P
+
and P
−
) generated in the singlet state. The analysis is made
within simple model of a set of first order processes, in which P
+
P
−
-pair spin evolution is described
by the stochastic Liouville equation, allowing for fairly accurate description of experimental results.
Simple analytical interpretation of obtained numerical results demonstrates that trESR spectra can
be represented as a superposition of antiphase and CIDEP contributions together with the conven-
tional thermal one. These contributions are shown to change their signs with the increase of time
in agreement with experimental observations.
I. INTRODUCTION
Time-resolved ESR (trESR) spectra of pairs of dou-
blet (D) particles and, in particular, spin-correlated pairs
have been studied very actively both experimentally1–14
and theoretically.1–3,14–18 The analysis of these spectra
is known to give important information on characteristic
properties of spin-dependent interactions between parti-
cles in pairs (Zeeman, spin-exchange, spin dipole-dipole,
and hyperfine, etc.) as well as spin relaxation and spin-
dependent recombination rates.
The interference of effects of spin-dependent interac-
tions and relaxation/recombination leads to well known
contributions to trESR spectra: antiphase structure
(APS), chemically induced dynamic electron polariza-
tion (CIDEP) both multiplet and net, and some other
contrbutions. The manifestation of them is found in
a large number of photochemical condensed phase D-D
reactions, charge separation in photosynthetic systems,
etc.14
Close attention has, recently, been attracted to the
trESR investigation of photoinduced charge transfer pro-
cesses in solids (organic semiconductors, polymer blends,
etc.),19–22 which determine the efficiency of generation of
charged D-particles, i.e. P
±
-polarons. Great interest in
studies of charge transfer processes is inspired by possible
practical applications in spintronics23 and solar cells.20
Some recent experiments concern trESR investigation
of photoexcited polymer:fullerene blend, consisting of
poly(3-hexilthiophene) (P3HT) and fullerene [6,6]-phenyl
C61-butyric acid methyl ester (PCMB), at low temper-
ature T = 100K.24 The observed trESR spectra indi-
cate the generation of geminate spin-correlated doublet-
doublet pairs in the initial singlet state, which are sug-
gested to be the pairs of polarons P
+
(in P3HT) and P
−
(in PCMB),24 called hereafter P
+
P
−
-pairs. The shape of
trESR spectra, observed at times 1µs . t . 30µs, is
found to significantly change with time: at small times
∼ 1µs the spectrum is of the APS shape, which at later
times is changed by more complicated one still with the
APS-type contribution, though of the sign opposite to
that observed at t ∼ 1µs.
We demonstrate that above-discussed trESR spectra
can interpreted within simple exponential model of P
+
P
−
-
pair evolution,16,25 taking into consideration the Zeeman
and electron spin-exchange interactions, spin-exchange-
induced and the Bloch-type intrapolaron spin relaxation,
spin-selective P
+
P
−
recombination (in the singlet state of
the pair), and dissociation. The P
+
P
−
spin evolution is
described by the stochastic Liouville equation (SLE),26
which is solved numerically, though the most important
numerical predictions are clarified with the simple ap-
proximate analytical treatment. The results of this com-
bined numerical/analytical analysis shows that the pro-
posed simple model can quite satisfactorily describe the
time evolution of experimental trESR spectra of P
+
P
−
pairs under study.
The proposed analysis has shown that at all times ob-
served spectra can be represented as a superposition of
APS and CIDEP contributions superimposed with con-
ventional thermal P
+
P
−
one. The APS and CIDEP con-
tributions are found to change their sign at long times
because of the effect of spin-selective reactivity and spin
population relaxation on spin evolution of P
+
P
−
pairs.
Naturally, the amplitudes of obtained APS and CIDEP
contributions decrease with the increase of times but re-
main quite distinguishable against the background of the
thermal ESR spectrum even at long times t & 10µs.
II. GENERAL FORMULATION
The trESR spectra of P
+
P
−
-pairs are determined by the
spin evolution of interacting P
±
polarons. In this work
the spin evolution is described by the P
+
P
−
spin density
matrix ρ(t), satisfying the SLE. The characteristic fea-
tures of the evolution essentially depend on the form of
the SLE, which, in turn, depends on the model of the
process under study. In our work we consider the P
+
P
−
spin evolution in the simple exponential model.16 In this
2model SLE is written as (~ = 1)
ρ˙ = −Lˆρ with Lˆ = iHˆ + Wˆr + Wˆe +Wd + Kˆs. (1)
Here Lˆ is the superoperator [operator in the Liou-
ville space (vide infra)], in which Hˆ is the superopera-
tor representation of the commutator of the P
+
P
−
spin-
Hamiltonian H , defined by Hˆρ = Hρ − ρH , Wˆr is the
superoperator of intraradical spin relaxation, Wˆe is the
superoperator of spin-exchange-induced relaxation rate,
Wd is the rate of irreversible PP dissociation, and Kˆs is
the spin-selective-recombination rate superoperator.
Hereafter we will use the term ”superoperator” and
the notation Aˆ (with hat) for any operator A in the Li-
ouville space (the space, in which the density matrix is
represented as the vector), in order to distinguish this
operator from those in the Hilbert space.
In our analysis we consider the pairs of P
±
polarons,
with different electron spin g-factors, g
+
and g
−
, and
exchange interaction Je, in the magnetic field B. The
P
+
P
−
spin-Hamiltonian is represented in a simple form
H = ωS
z
+Q(S
+z
− S−z )− Je(S
2− 1). (2)
In this formula
ω = 12 (g++ g−)βB and Q =
1
2 (g+− g−)βB; (3)
Sνz , (ν = ±), are the z components (along the magnetic
field direction) of the P
±
-spin operators with eigenvec-
tors, corresponding to the projections +1/2 and −1/2,
denoted as |↑〉
ν
and |↓〉
ν
, respectively; S = S
+
+S− is the
operator of the total spin and S
z
is its z component. First
two terms in eq. (2) represent the Zeeman interaction (of
electron spins) with frequences ων = gνβB, (ν = ±), and
the third term describes the spin exchange interaction.
The intraradical spin relaxation is modeled within the
simple Bloch-type approach with relaxation supermatrix
Wˆr = Wˆ+ + Wˆ− , (4)
in which
Wˆν = w
d
ν (pν |↑↑〉ν − |↓↓〉ν)(ν〈↑↑| − ν〈↓↓|)
+wnν ( |↑↓〉νν〈↓↑|+ |↓↑〉νν〈↑↓| ), (ν = ±), (5)
are the supermatices of relaxation in P
±
-polarons, rep-
resented in the Liouville space in the bases |µµ′〉
ν
=
|µ〉
νν
〈µ′|, (µ, µ′ = ↑, ↓).27
The terms in first and second lines of formula (5) de-
scribe the population and phase relaxation (∼ wdν and
∼ wnν ), respectively. The parameters pν = e
−ων/(kBT )
are the Boltzmann factors, controlling the difference of
thermal populations of the Zeeman sublevels. Note that
in the considered experimental conditions the parameters
pν is very close to unity because ων/(kBT ) ∼ 10
−3.
So far we have discussed the spin states and corre-
sponding operators for single P
±
particles. For the anal-
ysis of P
+
P
−
-pair spin evolution, however, we need the
proper basis of pair spin states. The most convenient are
the basis of states |j〉, (j = 1−4), of separate P
±
particles
and the basis of eigenstates of the total spin S (S−T -
basis) |Z〉, (Z = S, T
0,±). In terms of ( |↑〉ν , |↓〉ν)-states of
P
±
-particles both sets of basis states are represented as
|↑〉
+
|↑〉−= |1〉= |T+〉; |↑〉+|↓〉−= |2〉=
1√
2
(|T
0
〉+|S〉); (6a)
|↓〉
+
|↑〉−= |3〉=
1√
2
(|T
0
〉−|S〉); |↓〉
+
|↓〉−= |4〉= |T−〉. (6b)
In particular, the recombination rate superoperator Kˆs
is represented in terms of the operator Ps = |S〉〈S| of
projection on the singlet |S〉 state:
Kˆs =
1
2ksPˆs with Pˆsρ = Psρ+ ρPs. (7)
The superoperator Wˆe of the rate of spin-exchange-
induced relaxation can also be written in terms of this
operator:16
Wˆeρ = we(Psρ+ ρPs − 2PsρPs). (8)
To obtain the spin density matrix ρ [from the SLE
(1)] one needs to specify initial condition ρ(t = 0) = ρi.
In our work we will mainly consider the case of initial
creation of PPs in the singlet (ρ
S
) or the thermalized
triplet (ρ
T
) state:
ρi = ρS = |S〉〈S| and ρi = ρT =
1
3
∑
ν=0,±
|Tν〉〈Tν |, (9)
respectively.
The specific features of the above-described P
+
P
−
spin
dynamics essentially manifest themselves in the trESR
spectrum, formed during the time of P
+
P
−
spin evolution
in the presence of the microwave field B1, assumed to
rotate with the frequency ω0 around the magnetic field
B (around the axis z). The spectrum is determined by
the P
+
P
−
spin evolution, governed by the Liouville super-
operator Lˆ
ω
. In the fame of reference (x′, y′, z), rotating
with B1, this superoperator is written as
Lˆ
ω
= i(Hˆ
ω
+ Hˆ1) + Wˆr + Wˆe +Wd + Kˆs. (10)
In this formula Hˆ
ω
is the superoperator representation of
the commutator of the spin-Hamiltonian
H
ω
= H − ω0Sz and H1 = ω1Sx′ , (11)
in which ω1 ≈
1
2 (ga+ gb)βB1. In terms of the super-
operator Lˆ
ω
the trESR spectrum It(ω) can be expressed
as
It(ω) =
∫ ∞
0
dτf(τ)Tr[Sy′(e
−Lˆωτρt)] = Tr[Sy′(Fˆωρt)], (12)
where f(τ) = wge
−wgτ is the characteristic window
function18 of the ESR spectrometer, with small time
w−1g ≪ t, ρt ≡ ρ(t) is the P
+
P
−
spin-density matrix at
the moment t of measurement, and
Fˆ
ω
= wg(wg + Lˆω)
−1 (13)
is the spectrum-shape matrix.
3III. NUMERICAL DESCRIPTION
In general, in the considered model trESR spectra can
be evaluated only numerically. Here we compare numer-
ically calculated spectra with the experimental ones.
In our numerical treatment of trESR spectra we use
the parameters of the spin-Hamiltonian close to those
obtained from experiments.24 Moreover, the considered
model (2), taking into account only the isotropic Zee-
man and exchange interactions, is actually based on the
experimental results and suggestions of the work.24
The anisotropic Zeeman and the hyperfine interactions
are neglected, though the effect of these two types of in-
teractions is taken into consideration, in terms of spin re-
laxation, which is represented by the matrix Wˆr (4) (re-
sulted from polaron-jump-induced fluctuations of these
interactions).
Detailed analysis of experimental spectra shows that
anisotropic Zeeman and hyperfine interactions lead also
to some inhomogeneous broadening of lines. In real-
ity, however, it is impossible to accurately describe this
broadening, because of not very high accuracy of experi-
mental spectra. In such a case it looks quite appropriate
to approximate the effect of inhomogeneous broadening
with that of homogeneous one, by properly adjusting the
values of rates in the relaxation matrix Wˆr.
The inhomogeneous broadening can also result in some
(small) change of frequencies of lines. Taking into ac-
count this effect we will slightly adjust the (effective)
Zeeman frequences ων , (ν = ±) in the spin-Hamiltonian
(2) to the average experimental ones (see below).
In this section we show fairly good accuracy of the
model, proposed and discussed in Sec. II. Despite evi-
dent limitations of this semiquantitative model, its ac-
curacy turns out to be high enough to demonstrate the
most important specific features of the time evolution of
experimental trESR spectra of P
+
P
−
-pairs.
The model contains the parameters of two types: (a)
specifying the measurement conditions and (b) describing
P
+
P
−
pair under study.
The parameters of the first type (a) are the microwave
field ω1 (in frequency unit) and characteristic inverse
time wg of the window function f(t) [see eq. (12)]. The
field ω1 is considered to be weak ω1 ≪ w
n
ν , ks (corre-
sponding to experimental conditions24), for which trESR
spectra It(ω) ∼ ω
2
1 and the shape of these spectra are
independent of ω1. As for the parameter wg, its value
satisfies the relation wdν ≪ wg ≪ w
n
ν , (ν = ±), which on
the one hand, ensures that measurements do not lead to
additional broadening (due to uncertainty principle) and
on the other hand, the important kinetic features of the
trESR signal generation are well resolved (as was realized
in the experimental analysis24).
The most important parameter of the second type (b)
is Q = 12 (ω+−ω−) = 3.25 · 10
7 s−1. This value is slightly
larger (≈ 12%), than that Qg ≈
1
4 (g+ − g−)ω0, corre-
sponding to ∆g = g
+
− g− = 1.9 · 10
−3 (obtained in ref.
 
FIG. 1. Comparison of experimental (dashed lines) and the-
oretical (full lines) ESR spectra of P
+
P
−
pairs It(b) (in arbi-
trary units) [with b = B − B0 defined in eq. (14)] for four
times t (µs): (1) 0.8 , (2) 1.4 , (3) 3.5 , (4) 5.8. Other pa-
rameters used are Q = 3.25 · 107 s−1, Je = 7.3 · 10
5 s−1,
ks = 6.0 ·10
5 s−1, and wg = 3.2 ·10
6 s−1, as well as relaxation
rates wn+ = 4.2·10
7 s−1, wn− = 2.5·10
7 s−1, wd+ = 2.0·10
5 s−1,
wd− = 6.5 · 10
5 s−1.
[24] from cwESR spectra of P
±
polarons).
All other parameters of the model are considered as
adjustable in fitting of experimental data. Some relations
between relaxation rates are, however, evident without
numerical analysis.
In particular, experimental results clearly show that
widths of trESR lines of P
+
P
−
pairs are fairly large,
corresponding to dephasing rates wnν comparable with
the difference of Zeeman frequences Q: wnν . Q ∼
(2 − 4) · 107 s−1, (ν = ±). At the same time, the popu-
lation relaxation rates wdν are much smaller than the de-
phasing rates wdν /wnν < 0.1, as it follows from the charac-
teristic time of changing of the experimental trESR spec-
trum τ
ESR
∼ 10−6 s (see Fig. 1). The obtained estima-
tion wdν ≪ wnν allows for the proper choice of the inverse
width of the window function wg mentioned above.
Special assumption is made on the absolute value of
the spin-exchange interaction Je. Analysis shows that
the best agreement between experimental and theoreti-
cal trESR spectra is obtained for small |Je| ≪ |Q|, w
n
ν
in accordance with the suggestion of the work.24 In this
limit the trESR shape does not strongly depend of Je.
In our calculations we neglect the effect of the dissoci-
ation of P
+
P
−
pair by taking Wd = 0, because the decay
manifests itself in trESR spectrum only at very long times
(t > 10µs), which, first, are not of special interest for the
4analysis of spin-correlated P
+
P
−
pairs and, second, the
experimental ESR spectra at these times are not accu-
rate enough for unambiguous interpretation. Though, it
is worth noting that some contribution of the dissociation
process improves agreement between theoretical and ex-
perimental trESR spectra at t > 10µs (as it follows from
the numerical investigation).
The proposed analysis does not allow to clearly distin-
guish the effect of the spin-exchange induced relaxation
Wˆe against that of relaxation in free polarons Wˆ± , espe-
cially taking into account that Wˆe-effect can hardly be
distinguished from that of reactivity Kˆs in the system
under study. For this reason, the spin-exchange induced
relaxation is also neglected (Wˆe = 0).
As for the reactivity, according to the analysis, good
agreement between experimental and theoretical results
is found for not very large values ks . wd± .
Figure 1 displays the comparison of experimental and
numerically calculated trESR spectra It(b), in which
b = B −B0, where B0 = ω0/(g¯β) (14)
with g¯ = 12 (g++ g−), for four values of time delays:
0.8, 1.4, 3.5, and 5.8 (µs).
The spectra (in Fig. 1) are obtained for the singlet
(|S〉) initial state24 of P
+
P
−
pairs, using eq. (12) with
ω(B(b)) defined in eq. (3).
It is seen that the proposed model allows one to repro-
duce experimental spectra fairly accurately, particularly
taking into consideration that the accuracy of measured
spectra is not very high.
The observed bits between lines of experimental spec-
tra at t = 3.5 and 5.8 (µs) are somewhat deeper than
those, obtained in the considered model. This discrep-
ancy can be caused by the approximation of partially
inhomogeneous broadening of the trESR spectra by ho-
mogeneous one, which results in relatively broad wings of
lines. The fact is that the homogeneous mechanism pre-
dicts Lorentzian line shape with slowly decreasing wings
while the inhomogeneous mechanism usually yields Gaus-
sian one with very rapidly decreasing wings. The slower
decrease of Lorentzian lines can certainly lead to less deep
bits between Lorentzian lines than those between Gaus-
sian ones.
Concluding discussion we would like to draw attention
to the fact that E/A-distortion of trESR spectra, ob-
served at small times 0.8 and 1.4 (µs) is changed by the
A/E-one at longer times 3.5 and 5.8 (µs). Of course, at
long times relative distortion amplitudes are fairly small,
but still quite pronounced and distinguishable. It is seen
that the calculation within the proposed model correctly
reproduces the distortion behavior.
IV. ANALYTICAL ANALYSIS OF ESR
SPECTRA
Detailed analysis shows that the shape of trESR spec-
tra, predicted by the proposed model, can markedly be
changed with the change of parameters of the model.
There are, however, some important general properties,
which essentially determine the shape. Here we discuss
them both analytically and numerically.
A. APS contribution
One of the most well known manifestations of the spin-
correlation of P
+
P
−
population is the APS.14 To demon-
strate important features of the APS contribution we
will discuss two simple variants of spin correlation, cor-
responding to the population of the singlet |S〉-state and
isotropic triplet |T 〉-state [see eq. (9)].
The most important specific features of the APS can
be illustrated with the simplest model, based on the anal-
ysis of ω1-induced transitions between spin states of the
Hamiltonian Hω (2), using simple approach
14
IX
A
(ω) =
∑
jk
PX
jk
Φ(ω − ωjk), (X = S,T), (15)
where Φ(ω) = 1/(w¯2 + ω2) is the shape function with
the characteristic width w¯ ∼ wn±. In eq. (15) the sum is
taken over the pairs of states (j, k = 1 − 4) of the spin-
Hamiltonian Hω, involved in ESR (H1-induced) transi-
tions, and superscript X = S,T of parameters PX
jk
de-
notes P
+
P
−
-pair spin state, defined in eq. (9). Ampli-
tudes of lines are determined by transitions intensities
PX
jk
= P0(p
X
j − p
X
k ), (X = S,T), in which p
X
j , p
X
k are the
populations of the initial (j) and final (k) states, and P0
is a constant parameter.
To further simplify the problem we consider the limit
of weak exchange interaction |Je| ≪ |ω+− ω− |, w¯. In this
limit, i.e. for the small parameter ξe = |Je|/|Q| ≪ 1, the
APS can be interpreted, neglecting the effect of the ex-
change interaction on eigenstates of the spin-Hamiltonian
Hω, i.e. assuming them to coincide with eigenstates
|j〉, (j = 1 − 4), [(6a)-(6b)]. Within this approxima-
tion the APS results from the change of corresponding
eigenenergies:
ǫ1 ≈ ∆ω − Je; ǫ2 ≈ Q; ǫ3 ≈ −Q; ǫ4 ≈ −∆ω − Je, (16)
with ∆ω = ω − ω0 and Q =
1
2 (ω+− ω−), for which we
get the following transition frequences ωjk: ω12 ≈ ω+−
Je, ω34 ≈ ω++ Je, ω13 ≈ ω−− Je, ω24 ≈ ω−+ Je. As to
populations pXj , they depend on the spin state X: for the
singlet state (S = 0) pS1,4 = 0, p
S
2,3 = 1/2, and for the
triplet state (S = 1) pT1,4 = 1/3, p
T
2,3 = 1/6. Substitution
of these values into eq. (15) yields for X = S,T15
I
S,T
A
(ω) ∼ (−1)SJe [Φ
′(ω
+
− ω) + Φ′(ω−− ω)], (17)
where Φ′(ω) = dΦ(ω)/dω = −2ω/(w¯2 + ω2)2.
B. ST0-CIDEP contribution
Another important contribution, which essentially de-
termines the shape of trESR spectra of P
+
P
−
-pairs, is the
5multiplet CIDEP.26 Specific features of the kinetics of the
multiplet CIDEP generation can be analyzed within the
simple, but quite realistic limit of weak spin exchange
interaction and dephasing faster than the population re-
laxation and recombination, i.e. for wn± ≫ wd± , ks.
In the natural case of large magnetic field B and for
not very long times t < 1/wd± , 1/ks the multiplet CIDEP
generation is described by the ST0-mechanism,
26 neglect-
ing population relaxation and recombination (see Sec.
IV.A). The ST0-CIDEP generation kinetics is described
by the SLE (1) for the reduced spin-density matrix ρr(t)
in the subspace (|S〉, |T0〉) ≡ (|2〉, |3〉), which in the vec-
tor form is represented as ρr = [ρ22 , ρ23 , ρ32 , ρ33 ]
T . For
ρ˜r(ǫ)=
∫∞
0
dtρr(t)e
−ǫt this SLE is written as
(ǫ+ Lˆr)ρ˜r = ρ
0
i (18)
with
Lˆr =


0 iJe −iJe 0
iJe Ω 0 −iJe
−iJe 0 Ω
∗ iJe
0 −iJe iJe 0




ρ˜
22
ρ˜
23
ρ˜
32
ρ˜
33

 . (19)
Here Ω = wn + 2iQ with wn = w
n
+ + w
n
− , and ρ
0
i =
1
2 [1, (−1)
1+S
, (−1)
1+S
, 1]
T
is the initial spin-density ma-
trix for singlet (S = 0) and triplet (S = 1) initial state.
Equation (18) can be solved analytically in the stud-
ied case of fast dephasing and small |Je| ≪ w
n
± . The
solution leads to the following expression for the Laplace
transform of the multiplet CIDEP P˜M
±
(ǫ) = −2〈S±z 〉ǫ:
P˜
M
+
(ǫ) = −P˜
M
−
(ǫ) = 2[ρ˜
33
(ǫ)− ρ˜
22
(ǫ)]
≈ 4σ
S
JeQ
{
ǫ[(ǫ+wn)
2+ 4Q2] + 4J2e(ǫ+wn)
}
−1
, (20)
where σ
S
= (−1)S with S = 0 and S = 1 for the
singlet and triplet initial condition, ρ0i = |S〉〈S| and
ρ0i = |T0〉〈T0| respectively. The inverse Laplace transfor-
mation of the expression (20) yields for small |Je| ≪ wn
P
M
+
(t) = −P
M
−
(t) ≈ P 0e [1− e
−wntφ(t)]e−wpt, (21)
where φ(t) = cos(2Qt) + (wn/2Q) sin(2Qt),
P 0e = 4(−1)
S
(JeQ/|Ω|
2), and wp = 4wn(J
2
e /|Ω|
2) (22)
with |Ω|2 = w2n + 4Q
2.
In the case |Je| ≪ w
n
± formula (21) describes the gen-
eration of the CIDEP PM
±
(t) for t . w−1n , the attainment
of the maximum amplitude P 0e at t > w
−1
n , and then
slow relaxation with the rate wp ≪ wn. The relaxation
(induced by the exchange interaction) is the manifesta-
tion of the fact that the observable operators (S±z ) do
not commute with the spin-Hamiltonian H .
C. Effect of spin relaxation and reaction
In the above analysis we have considered the ST0-
CIDEP generation kinetics at relatively short times t ∼
1/wn± ≪ 1/wd± , 1/ks. At longer times the dependence of
the ST0-CIDEP P
e
±
(t) can be strongly affected by slow
population relaxation and recombination. The manifes-
tation of this effect can be described within the extended
model, taking into account [apart from recombination
(7)] relaxation transitions between all states |S〉, |T±,0〉,
in addition to ST0 transitions, considered above.
In the model the relaxation-affected-CIDEP genera-
tion kinetics is described by the extended vector of spin-
density matrix elements ρe = [ρ11 , ρ22 , ρ23 , ρ32 , ρ33 , ρ44 ]
T ,
satisfying the SLE of type of eq. (18)
(ǫ+ Lˆe)ρ˜e = ρ
0
i , with Lˆe = Lˆr + Wˆr + Kˆ
e
s , (23)
in which Wˆr is the intraparticle relaxation supermatrix
defined by eq. (4), and Kˆes is the part of the reaction
supermatrix (7), operating in the subspace of matrix el-
ements ρe. The approximate is quite accurate in the
considered strong magnetic field limit, i.e. the limit of
large Zeeman frequences ω± ≫ w
n
±
.
Solution of the SLE (23) is, in general, fairly cumber-
some and not suitable for the analytical analysis. To
simplify the problem we consider the case of weak reac-
tivity ks ≪ w
d
±
(≪ wn
±
) and weak exchange interaction,
when wp ≪ wd± [see eq. (22)].
In this limit we get the following expression for the
Laplace transform of the difference ρ˜
22
(ǫ)− ρ˜
33
(ǫ), which
determines the relaxation-affected multiplet CIDEP
ρ˜
M
(ǫ) = ρ˜
33
(ǫ)− ρ˜
22
(ǫ)
≈ (2JeQ/|Ω|
2)[σ
S
− ks(ǫ + ks)
−1
]D
−1
ǫ , (24)
where σ
S
= (−1)S (with S = 0, 1), |Ω|2 = w2n + 4Q
2, and
Dǫ≈ (ǫ+ 2w
d
+
)(ǫ + 2wd
−
)/(ǫ+ wd) (25)
with wd= w
d
+
+wd
−
and w
n
= wn
+
+wn
−
. Taking into account
the relation P˜M
+
(ǫ) = −P˜M
−
(ǫ) = 2ρ˜
M
(ǫ) and making the
inverse Laplace transformation we obtain formula
P
M
+
(t) =−P
M
−
(t) ≈ P 0e [p¯e(t)− (−1)
S
(κs/w¯d)e
−κst], (26)
in which p¯e(t) =
1
2
(
e−2w
d
+
t + e−2w
d
− t
)
, w¯
d
≈ 4wd
+
wd
−
/w
d
,
κs =
1
4ks, and P
0
e is defined by eq. (22),
The population relaxation results in marked popula-
tion of states |1〉 and |4〉. It is easily seen that, in gen-
eral, this population leads to the net CIDEP P
N
+
(t). The
above-discussed solution of the SLE (23) yields simple ex-
pression for this (Laplace transformed) net contribution
P˜N
+
(ǫ) = P˜N
−
(ǫ) = 2ρ˜
N
(ǫ), which appears to be directly
related to the multiplet CIDEP, i.e. to ρ˜
M
(ǫ):
ρ˜
N
(ǫ) = ρ˜
44
(ǫ)− ρ˜
11
(ǫ) = [(wd+ − wd− )/wd]ρ˜M (ǫ), (27)
By summing up both multiplet and net contributions we
obtain following formula for the total P
±
-CIDEP
P e
±
(t) = (wd∓ /wd)P
M
±
(t) with wd = w
d
+ + wd− . (28)
6This formula shows that the difference in population re-
laxation rates leads to the difference in values of the total
relaxation-affected ST0-CIDEP of P
±
particles (without
change of signs).
The expressions (26) and (28) predict another inter-
esting effect of population relaxation and spin-selective
reactivity: the change of the CIDEP sign for the singlet
initial P
+
P
−
state (i.e. for S = 0) at certain time τs,
which can be evaluated by PM
±
(τs) = 0 (recall, we assume
that ks ≪ w
d
±
). In the simplest case wd+ ≈ wd− :
τs ≈ w
−1
d ln(wd/ks). (29)
This CIDEP-sign change can easily be understood,
taking into account that at long times the popula-
tion relaxation leads to almost complete equilibration
of spin subsystem. In this limit the spin-correlation is
generated by recombination in the singlet state. The
recombination-induced decay of the singlet component of
population manifests itself similarly to the case of over-
population of the (equilibrated) triplet state [see eq. (9)],
i.e. the sign of the initial ST0-CIDEP, corresponding to
ρi = ρS , is changed by the opposite one (for ρi = ρT ).
Note that the proposed mechanism of the change of
population-relaxation-affected ST0-CIDEP sign also pre-
dicts the change of the APS-sign at times t > τs because
the APS-sign depends on the P
+
P
−
spin coherence as well
[see eq. (17)]:14 in other words, the found change of the
singlet spin state by the triplet one at t > τs is accom-
panied by the change of the APS-sign.
In the consideration of the relaxation/recombination
effect we have assumed that the reactivity is small ks ≪
wd
±
. The numerical analysis shows, however, that this
effect persists for ks & w
d
±
as well.
V. NUMERICAL ANALYSIS OF
CONTRIBUTIONS
A. General remarks
It is worth beginning the numerical analysis of specific
features of trESR spectra with some general illustrative
calculations of APS and ST0-CIDEP contributions, con-
sidered above.
The shape of trESR spectra and, in particular, the am-
plitudes of these two contributions are essentially deter-
mined by spin-evolution during the measurement [apart
from the spin density matrix ρt at time t of the mea-
surement], i.e. by characteristic properties of the super-
operators Lˆω and Fˆω [see eqs. (10) and (13)]. General
methods of rigorous, but cumbersome calculation of the
contributions have already been discussed in literature.16
In the considered limit of weak exchange interaction
Je ≪ wg, w
n
± , |Q|, however, the calculation of contribu-
tions can be simplified using the linear approximation in
Jˆ = Je(S
2 − 1), in which
Fˆω ≈ Fˆ
0
ω + Fˆ
1
ω with Fˆ
1
ω = Fˆ
0
ω (iJˆ/wg)Fˆ
0
ω (30)
and
Fˆ 0ω = wg(wg + Lˆ
0
ω )
−1. (31)
In formula (31) the superoperator Lˆ0ω is defined by eq.
(10) with Hˆω replaced by Hˆ0ω = (ω−ω0)Sˆz+Q(Sˆaz−Sˆbz).
Substitution of the expansion (30) into eq. (12) yields
the representation for the trESR spectrum
It(ω) ≈ I
0
t (ω)+ I
1
t (ω) with I
j
t (ω) = Tr[Sy′(Fˆ
j
ω ρt)] (32)
and j = 1, 2. This formula is found to be very accu-
rate (with relative error δ < 10−2) for parameters of the
model used in the analysis.
Previous investigation16 and the analysis of Sec. IV.A
show that the term I0t (ω), in which the effect of Jˆ on mea-
surement is neglected, describes the relaxation-affected
ST0-CIDEP (multiplet and net). The term I
1
t (ω), tak-
ing into account Jˆ-effect in linear in Jˆ approximation,
represents APS16 (see also the analysis in Sec. IV.A).
a. APS-contribution. For small dephasing rates wn± ≪
|Q| the APS is of the (conventional) shape of two E/A
lines, located at ESR frequences ω± of P
±
polarons (in
accordance with the analysis in Sec. IV.A). For wn± &
|Q|, however, the APS shape drastically changes:16 with
the increase of rates wn± the two E/A lines collapse into
one of A/E shape at the center of the spectrum.
b. CIDEP-contribution. The shape of the (extended
ST0) CIDEP contribution I
0
t (b) ≡ I
0
t (ω(b)) remains
nearly the same for any relation between wn± and |Q|.
c. Relaxation/recombination effect. Predicted effect
of the relaxation/recombination induced change of signs
of APS and ST0-CIDEP contributions is completely con-
firmed by the exact numerical calculations in the con-
sidered symmetric variant of the system. The analysis
demonstrates the sign change for wn± ∼ Q. In the cal-
culation we deliberately consider the case ks ∼ w
d
±
to
demonstrate the occurrence of the sign change indepen-
dently of the relation of between ks and wd± (not only for
ks ≪ w
d
±
, as it is proved in Sec. IV.A.).
B. Analysis of experimental spectra
Formulas (30) - (32) allow for the representation of cal-
culated spectra, reproducing the experimental results, as
a sum of APS and ST0-CIDEP contributions. Figure 2
shows this representation for two times. Noteworthy is
that both contributions are somewhat distorted by the
temperature effect (effect of p
±
= e−ω±/(kBT ) < 1), re-
sulting in the conventional thermal contribution to trESR
spectra. This distortion manifests itself in the ST0-
CIDEP contribution at long times t & 1/wd
±
.
The presented results clearly demonstrate that the ob-
served significant time dependence of the shape of ESR
spectra results from the subtle superposition of APS and
ST0-CIDEP contributions.
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FIG. 2. Representation of trESR spectra It(b) (full lines),
numerically calculated for (1) t = 0.8µs and (2) t = 3.5µs
(see Fig. 1), as sums of two contributions I0t (b) (+) and I
1
t (b)
(o) [eq. (32)] (other parameters are the same as in Fig. 1).
1) In particular, at early time t = 0.8µs the trESR
spectrum looks like the APS-type one, as was mentioned
in ref. [24]. The proposed numerical analysis shows, how-
ever, that this spectrum is a sum of APS and ST0-CIDEP
contributions of about comparable amplitude (Fig. 2).
Moreover, despite the conventional APS-like shape of
the experimental spectrum, actual numerically evaluated
APS contribution to this spectrum is of the sign opposite
to that for the conventional APS, because of fast dephas-
ing rates wn
±
∼ |Q| (see Sec. IV.A.). As for the main E/A
component of the experimental spectrum, it is, in fact,
determined by the ST0-CIDEP contribution.
The comparable APS and ST0-CIDEP contributions
are observed at longer times as well, manifesting them-
selves in the asymmetric distortion of trESR spectra, dis-
tinguishable even at fairly long times t ∼ 10µs.
2) Numerical results, displayed in Fig. 2, also demon-
strate the change of the sign of these contributions with
the increase of time. It is seen that at t = 0.8µs the
APS sign is opposite to that at t = 3.5µs. The same is
valid for ST0-CIDEP contribution, which shows itself in
the E/A distortion of the trESR spectra at short time
t = 0.8µs changed by A/E one at longer times t > 3µs
(superimposed on the thermal ESR signal), thus confirm-
ing the theoretical prediction Sec. IV.A.
VI. CONCLUSIONS
This work concerns the analysis of specific features of
experimental trESR spectra of photoexcited spin corre-
lated polaron pairs (P
+
P
−
) in polymer:fullerene (P3HT-
PCMB) blend24 at low temperature 100K (see Sec. I).
The analysis is mainly based on exact numerical solution
of the SLE within the model of the exponentially decay-
ing polaron pairs, spin-evolution of which is described
by the spin-Hamiltonian (2), spin-selective reactivity (7),
and spin relaxation of two types: free polaron relaxation
(4) and spin-exchange-induced one (8).
According to the analysis, in P
+
P
−
-pairs (in poly-
mer:fullerene blend under study) the spin dephasing is
much faster than the population relaxation. This rela-
tion allows for approximate analytical analysis of trESR
spectra, providing deep insight into distinctive proper-
ties of the time dependence of spectra. These prop-
erties are found to be determined by the specific fea-
tures of antiphase (APS) and population-relaxation af-
fected ST0-CIDEP contributions. The combined numer-
ical/analytical analysis shows that the generation of the
contributions is governed by sophisticated interplay of co-
herent spin evolution and spin-relaxation/recombination
of P
+
P
−
pairs.
It is found, in particular, that the observed short time
trESR spectra (of the shape of conventional APS with
large E/A components) are, actually, the sums of APS
and ST0-CIDEP contributions of comparable amplitude.
As for the long time spectra, they are determined by
the population-relaxation affected spin-selective recom-
bination of P
+
P
−
pairs. The contribution of the re-
laxation/recombination mechanism dominates at times
longer than the time τs, defined in eq. (29). For the sin-
glet initial condition this mechanism predicts the change
of the sign of both contributions with time, distinctively
manifesting itself in trESR spectra.
The analysis also shows that the dissociation of P
+
P
−
pairs does not strongly affect the trESR spectra of the
system under study at relatively short times t < 10µs
(of main interest in our work). For this reason, in the
calculation we have neglected the effect of dissociation.
At longer times the contribution of dissociation to trESR
spectra becomes important, but, unfortunately, the ac-
curacy of available experimental spectra at these times is
not high enough for accurate extraction of the contribu-
tion of dissociated pairs to the observed spectra.
At the end of our work it is worth discussing some re-
cent numerical studies of the processes similar to that
studied here. As an example, let us discuss one of the
most recent and fairly detailed work, concerning the anal-
ysis of trESR spectra of geminate pairs of neutral radicals
in micelles.18 Analysis is carried out within the model,
which takes into account the spin evolution, accompanied
by relative diffusion. The trESR spectra, investigated in
this work, do not demonstrate the change of the sign of
distortions (of APS and CIDEP-type) at long times. This
is, probably, because the radical pairs are created in the
triplet spin state.
Certainly, the results of the analysis, presented in ref.
[18], are very interesting and insightful. Unfortunately
they can hardly be directly applied to the theoretical
investigation of considered spin correlated P
+
P
−
-pairs in
organic solids at low temperatures, first of all because for
these systems the diffusion approximation does not seem
to be valid, especially taking into consideration strong
Coulomb interaction between polarons in non-polar or-
8ganic solids, the effect of which is expected to be very
important at low temperatures.
Noteworthy is that the direct comparison of parame-
ters of our model with those of model used in the work
[18] is hardly possible. It worth also adding, that the pro-
posed decomposition of the trESR spectra into the APS
and CIDEP contributions (32) cannot be easily realized
in the model proposed in [18].
Concluding our short discussion we would like to em-
phasize that in spite of great attention, payed to the in-
terpretation of experimental trESR spectra of particular
spin-correlated P
+
P
−
pairs, the goal of our treatment is
more general. The main idea is to develop some new
combined numerical/theoretical methods of the analysis
of these spectra to get some additional insight into the
specific features of P
+
P
−
-spin evolution. We belive that
the proposed analysis is fairly convincing illustrative ex-
ample of application of the proposed methods.
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